Ecotypic differences in the photosynthetic carbon metabolism ofMollugo verticillata were studied. Variations in C3 and C4 cycle activity are apparently due to differences in the activities of enzymes associated with each pathway. Compared to C4 plants, the 
Plants which assimilate CO2 by the C4 pathway of photosynthesis are characterized by their initial incorporation of CO2 into four-carbon acids, their high photosynthetic rates, and lack of detectable photorespiration (14, 25) . In contrast, C3 plants incorporate CO2 directly into the Calvin or C3 cycle; at high light intensities they generally have lower photosynthetic rates than C4 plants and higher levels of photorespiration (35). While most plants can be classified as C3 or C4 based on their photosynthetic pathway, few plants have features which are intermediate between these two groups of plants (5, 21) . These C3-C4 intermediates may represent evolutionary links between C3 and C4 plants and, interestingly, are all members of genera which contain both C3 and C4 species (31) .
Mollugo verticillata was first reported (21) piration, and high photosynthetic rates. We have recently shown (21, 31) that M. verticillata populations may also exhibit ecotypic variation in their photosynthetic characteristics. Populations from warm, dry environments had greater C4 activity than did those from cool, moist habitats, indicating, as often suggested (25) , an adaptive advantage of C4 photosynthesis over C3 photosynthesis in such environments. The most C4-like population of the four studied was from Kansas. This population had the highest photosynthetic rate and greatest labeling of four-carbon acids after short term exposures to '4CO2 (31) . The Kansas MATERIALS AND METHODS All plants were grown and sampled as previously described (31) . Chl and leaf protein levels were determined spectrophotometrically by the methods of Arnon and Lowry, respectively (1, 27) . For interveinal measurements, leaf tissue was fLxed in Nawashins fixative, aspirated, dehydrated with n-butyl alcohol, and embedded with Paraplast plus. Embedded material was sectioned to a thickness of 10 ,im on an A0280 rotary microtome and stained with safranin and fast green.
Enzyme Assays. One g leaf tissue was ground at 4 C in a mortar and pestle containing a small amount of sand and 4 ml of grinding media consisting of 0.1 M Tris-HCl (pH 7.8), 10 mM MgCl2, 1.0 mM EDTA, 20 mm mercaptoethanol and 2% (w/v) PVP-10. Leaf extracts were then filtered through four layers of Miracloth and centrifuged at 10,000g for 10 min at 4 C. The supernatant was used for all enzyme assays, the assays were run at 25 C, and the rates expressed on a protein and fresh weight basis.
RuBP carboxylase/oxygenase (EC 4. Pyruvate-Pi-dikinase (EC 2.7.9.1) activity was assayed spectrophotometrically using the coupled assay procedure of Sugiyama (33) (31) . This is in contrast to the relationship between early C3 cycle product labeling and RuBP (11) . These enzymes catalyze the amination and deamination of C4 cycle intermediates in mesophyll and bundle sheath cells. The activities of these enzymes in M. verticillata populations were less than half those of the C4 plant, P. oleracea, but from 10 to 60%'o greater than Nicotiana, a C3 species (Table IV) . The Kansas population again had the highest aspartate aminotransferase enzyme activity of 5.1 ymol m-1 protein h-1, followed by the Iowa population (4.9 ,umol mg-protein h-') and the Mexico and Massachusetts populations (3.5 itmol mg-' protein h-' each). Alanine aminotransferase activity was less than that of aspartate aminotransferase ranging from 4.5 Amol mg-' protein h-' for the Kansas population, to 3.1 t,mol mg-' protein h-' for the Mexico population, values which are lower than those of both C3 and C4 species (Table IV) . Although we obtained a pyruvate-Pi-dikinase activity of 106 ,umol g-' fresh weight h-' in P. oleracea, no similar enzyme activity was detected in M. verticillata. The lack of detectable pyruvate-Pi-dikinase activity indicates an incomplete C4 cycle in this C3-C4 intermediate species (15, 33) .
In previous work (32) three of the M. verticillata populations (Iowa, Mexico, and Massachusetts) had identical CO2 compensation points of40,ul/1 and their photosynthetic rates were enhanced to a similar degree under 2% 02. The Kansas population, in similar analyses, had significantly lower photorespiratory activity. In the present report, RuBP oxygenase and glycolate oxidase enzymes were assayed to determine their relationship to the photorespiratory differences observed earlier among the four populations. In general, the RuBP oxygenase activity paralleled the RuBP carboxylase activity for each species or population (Tables  II, V , and VI). Thus, the Kansas population had the highest RuBP oxygenase activity, while the lowest oxygenase activity was found in the Massachusetts population (Table V) . All populations had RuBP carboxylase/oxygenase ratios averaging about 10 (Table  VI) .
Like RuBP oxygenase activity, there was no direct relationship between glycolate oxidase activity and the previously reported levels of photorespiration in the four populations. All four populations had similar glycolate oxidase activities, averaging 3.1 ,Lmol mg-' protein h-', values which were approximately equal to those in the C3 species, but much greater than the C4 species (Table V) .
The ratios of photosynthetic to photorespiratory enzymes and RuBP carboxylase/oxygenase enzyme kinetics have been used to model the photorespiratory activity of C3 and C4 plants (2, 20, 22, 26, 29) . As shown in Table VI , neither the RuBP carboxylase/ oxygenase or RuBP carboxylase/PEP carboxylase ratios were correlated with the CO2 compensation point, another indicator of photorespiration. In contrast, the RuBP oxygenase/PEP carboxylase ratio was correlated with compensation point (r = 0.95, P < 0.01), as previously shown with Panicum miliodes, and best accounted for the photorespiratory differences among M. verticillata populations and between C3 and C4 species (22) .
Although there is now general agreement on the location of RuBP carboxylase exclusively in the bundle sheath cells of C4 plants (7, 17, 28) , the localization of this enzyme in M. verticillata, (Fig. 1) Although the activities of aspartate and alanine aminotransferase and malate dehydrogenase in the four populations were generally lower than those of P. oleracea, a C4 plant, they were greater than the PEP carboxylase specific activity for each population and are sufficient to account for the C4 cycle activity in this intermediate species. NAD malic enzyme activity was equal to that of P. oleracea, an NAD malic enzyme type C4 species. The high NAD malic enzyme activity in M. verticillata explains at least in part the previously observed rapid turnover of C4 acids, as seen in 14C kinetic studies (31) .
One of the more intriguing aspects of carbon metabolism in this C3-C4 intermediate is its apparent lack of pyruvate-Pi-dikinase activity. In C4 plants, the continued operation of the C4 pathway is dependent upon this enzyme (15) , but this may not be true in M. verticillata. The metabolism of pyruvate, its cellular localization, and the role of PEP in C4 acid metabolism in M. verticillata, remain to be answered.
We found that the intermediate levels of photorespiration in M. verticillata and those of C3 and C4 plants were best correlated with RuBP oxygenase/PEP carboxylase ratios. The lower levels of photorespiration in C4 plants are dependent upon it being the initial CO2 fixation by PEP carboxylase (7, 29) . Equally important is the subsequent decarboxylation of C4 acid products, which elevate bundle sheath cell CO2 concentrations and competitively reduce RuBP oxygenase activity (7, 25, 28) . Other investigators (22) have also shown that RuBP oxygenase/PEP carboxylase ratios were correlated with the photorespiratory activity in C3 and C4 species, and in Panicum miliodes, another C3-C4 intermediate. Later studies have questioned this relationship based on the low levels of C4 acid metabolism in P. miliodes (8, 19, 20, 23) . In contrast, C4 acid metabolism made a significant contribution to photosynthesis (31) in M. verticillata.
Cytologically, the bundle sheath cells of M. verticillata appear similar to those of C4 plants (21, 24) . As shown by immunofluorescence, these cells have many large chloroplasts which contain the Calvin cycle enzyme RuBP carboxylase, in addition to numerous mitochondria (24) . CO2 released from the decarboxylation of C4 acids may then be refixed within these cells and account for M. verticillata's intermediate photorespiration rates. In this study, it was our purpose to characterize further the ecotypic differentiation of photosynthetic characteristics among M. verticillata populations and to compare them to C:3 and C4 plants. The differential activity of C3 and C4 cycle enzymes among the four M. verticillata populations best explains the ecotypic variation in photosynthetic physiology. Additionally, the apparent lack of pyruvate-Pi-dikinase activity could indicate a noncyclic synthesis of PEP for C4 photosynthesis in M. verticillata.
